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Summary 

Ubiquitin, a 76 residue protein, occurs in eucaryotic 
cells either free or covalently joined to a variety of 
protein species. Previous work suggested that ubi- 
quitin may function as a signal for attack by protein- 
ases specific for ubiquitin-protein conjugates. We 
show that the mouse cell fine ts85, a previously 
isolated cell cycle mutant, is temperature-sensitive 
in ubiquitin-protein conjugation, and that this effect 
is due to the specific thermolability of the ts85 ubi- 
quitin-activating enzyme (E1). From E1 thermoinac- 
tivation kinetics in mixed (wild-type plus ts85) ex- 
tracts, and from copurification of the determinant of 
E1 thermolability with E1 in ubiquitin-affinity chro- 
matography, we conclude that the determinant of E1 
thermolability is contained within the E1 polypeptide. 
ts85 cells fail to degrade otherwise short-lived intra- 
cellular proteins at the nonpermissive temperature 
(accompanying paper), demonstrating that degra- 
dation of the bulk of short-lived proteins in this 
higher eucaryotic cell proceeds through a ubiquitin- 
dependent pathway. We discuss possible roles of 
ubiquitin-dependent pathways in DNA transactions, 
the cell cycle, and the heat shock response. 

Introduction 

Ubiquitin is a 76 residue protein abundant in apparently all 
eucaryotic cells. Its amino acid sequence is one of the 
most conserved known, being identical in humans and 
insects (Goldstein et al., 1975; Gavilanes et al. f 1982). 
Ubiquitin occurs in cells either free or covalently coupled 
via its carboxyl terminus to <-amino groups of lysine resi- 
dues in a wide variety of intracellular protein species, the 
^ost abundant of which is apparently histone H2A (Chin 
■;t al.. 1982: Atidia and Kulka, 1982). The ubiquitin-H2A 
semihjstone (uH2A). in which the carboxyl terminus of 
ubiquitin is joined via an isopeptide bond to the internal 
lysine 119 in histone H2A (Goldknopf et al.. 1975; Busch 
and Goldknopf, 1981; see also West and Bonner, 1980). 
substitutes for one or both of the nucleosomal H2A mole- 
cules in 10% to 20% of nucleosomes; ubiquitinated nu- 
cfeosome species 'occur preferentially within transcribed 
chromosomal regions (Levinger and Varshavsky, 1980, 
1982; Varshavsky et al.. 1983). A specific factor required 
for ATP-dependent, nonlysosomal proteolysis in reticulo- 
cyte extracts (Ciechanover et al., 1978) was purified and 
shown to form multiple covalent conjugates to acceptor 
proteins m the presence of reticulocyte, extracts (Ciechan- 



over et al.. 1980; Hershko et al.. 1980). This factor was 
subsequently identified as ubiquitin (Wilkinson et al., 1980). 
The proposed mechanism of ubiquitin action in this system 
(see Figure 1) is through isopeptide bond formation to 
- substrates for proteolysis; one possible role of ubiquitin is 
to serve as a signal for attack by proteinases specific for 
ubiquitin-protein conjugates (Hershko and Ciechanover 
1982). 

The enzymatic pathway of ubiquitin conjugation in retic- 
ulocyte extracts has recently been elucidated (Hershko et 
al., 1983). The four steps of isopeptide bond formation 
(and the participating enzymes of the ubiquitin-protein 
ligase system) are ubiquitin carboxy-terminai adenylation 
(enzyme E1), thiolester bond formation (E1), transesterifi- 
cation (E1 and E2), and ubiquitin-protein conjugate for- 
mation (E2 and E3) (Figure 1; see also Hershko and 
Ciechanover. 1982; Haas and Rose. 1982; Ciechanover et 
al.. 1984a). At least some of the isopeptide bonds between 
ubiquitin and acceptor proteins can be reversed, with 
regeneration of both moieties, by the action of an isopep- 
tidase, a distinct and abundant enzyme (Andersen et al., 
1981; Matsui et al., 1982; see also Rose and Warms 
1983). 

Independent experimental approaches have suggested 
that ubiquitin-mediated, nonlysosomal proteolysis occurs 
not only in terminally differentiating, anucleate reticulocytes 
but also in a variety of other mammalian cell types (Hershko 
et al.. 1982; Chin et al.. 1982). However, ubiquitin-depend- 
ent proteolysis in extracts from nucleated eucaryotic cells 
has not been reported. Achieving a detailed understanding 
of the design and functional significance of the ubiquitin 
system would require some means to perturb the ubiquitin 
system specifically in vivo. 

Here we demonstrate the thermolability of ubiquitin- 
activating enzyme (E1) purified from ts85 cells. A cell cycle 
mutant. ts85 is a temperature-sensitive derivative of FM3A. 
a cell line established from a spontaneous mouse mam- 
mary carcinoma (Mita et al., 1980). ts85 has a complex 
but well defined phenotype: shift-up of ts85 cultures to a 
nonpermissive temperature rapidly and completely inhibits 
the generation of new mitotic cells (Mita et al., 1980; 
Matsumoto et al., 1980), and the initially unsynchronized 
ts85 cultures evolve a stable distribution of cell cycle 
positions composed of early G2 and (fewer) late S phase 
cells (Mita et al.. 1980; Yasuda et al.. 1981). The rate of 
histone H1 phosphorylation in vivo was measured in syn- 
chronized G2 and G1/S ts85 cultures, and in both in- 
stances ts85 showed a temperature-dependent defect 
(Matsumoto et al., 1980; Yasuda et al., 1981). However, 
both cytoplasmic and nuclear protein kinase activities from 
ts85 cells, tested with histone H1 as a substrate, behaved 
as wild type in thermoinactivation experiments in vitro 
(Yasuda et a!., 1981). suggesting that the reduction in H1 
phosphorylation is secondary to some other defect. 

Remarkably, a temperature-sensitive modification of yet 
another histone (H2A) was identified. The ubiquitin-H2A 
semihistone, uH2A, disappeared from the ts85 chromatin 
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-tecular weight t25 l-ubiquitin-protein conjugates is char- 
ueristically smeared as a result of size heterogeneity and 
apparently also SDS-resistant aggregation (Figure 2. lanes 
b -d and unpublished data). When this system is supple- 
mented with denatured lysozyme, a favorable substrate 
for ubiquitination, the abundantly formed 125 l-ubiquitin- 
lysozyme conjugates produce discrete electrophoretic 



bands (Figure 2. lane c), suitable for rapid and accurate 
quantitation. 

Extracts from ts85 and FM3A cells cultured at a permis- 
sive temperature (32°C) have comparable conjugating 
activity (Figures 3A. lane a, and 3C. lane a), and when 
extracts are prepared from cells 1.0 hr after shift-up to 
39°C, no change is seen in the activity of FM3A extracts 
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Figure 3. In Vitro Ubiquitm-Protein Conjugation tn 
Crude Extracts from FM3A and ts85 Cells 
Extracts were prepared (as in Figure 2) from par- 
allel cultures at either 32°C (A.C) or 39°C (10 hr 
after shift-up. B.D). Crude extracts were assayed 
m a final volume of 40 y\ at 4 m 9/ rnl (P r o^' n Qi 
the extract) by adding 0.65 »q (5.5 x 10 5 cpm) of 
,a l-ubiquitin and 80 ^g of denatured lysozyme to 
■ the assay buffer (see Experimental Procedures). 
Assays were at 30°C (lane a). 35*C (lane b). 40°C 
(lane c), and 45 a C (lane d). following preincuba- 
tions of 5 mm at the assay temperature. The 
remaining assays were at 30 ft C after preincuba- 
tions of 2 hr at 30°C (lane e). 35°C (lane f). 40°C 
(tane g), and 45°C (lane h). The ts85-specific m 
vitro heat mactivation of ubtquitm-protetn conju- 
gation can be seen using either of the two assays 
(lanes a-d or e-h). 2.3 x 10 5 cpm from these 
samples were analyzed on discontinuous 12.5% 
poiyacrylamide-SDS gels. Autoradiographic ex- 
posure was for 3 days The low molecular weight 
region of the gel. containing the unconjugated ,?s t- 
ubtquitm. is not shown, a, it, and 7 denote bancs 
of fysozyme containing increasing numbers of 
covalently linked ,2i l-uDiquitin moieties per lyso-. 
zyme molecule. 
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(Figure 3D. lane a). In striking contrast, extracts from ts85 
cells cultured at 39°C have greatly reduced ubiquitin- 
conjugating activity with both endogenous and exogenous 
protein substrates (Figure 3B, lane a). Moreover, in extracts 
from cells grown at the permissive temperature, heat 
mactivation in vitro was specific for the ts85 ubiquity 
conjugating activity (Figure 3A). 

The ts85 extracts from 39°C cultures have a small 
residual ubiquitin-conjugating activity (Figure 3B. lane a). 
The in vitro heat lability of this residual activity (Figure 3B) 
is comparable to that of the wild-type ubiquitin-conjugating 
activity in FM3A extracts (Figures 3C. 3D. and data not ' 
shown). This suggests that a heat-induced conformation 
of the putative heat-sensitive ubiquitin-conjugating enzyme . 
may actually retain detectable activity, or perhaps that the 
pool of this enzyme in vivo is heterogeneous in thermola- 
bility. so that specifically surviving subpopulations of the 
enzyme would have reduced thermolability in vitro. 

In summary, the results shown in Figure 3 suggest a 
heat-induced mactivation in vivo of a component of the 
ubiquitin-protem ligase system in ts85 but not in FM3A 
cells, and furthermore, that this phenomenon is closely 
simulated in cell lysates. Partially purified ubiquitin-protein 
ligase preparations (fraction II; see Experimental Proce- 
dures), free of ubiquitin and ubiquitin-protem conjugates 
behaved in thermoinactivation experiments (data not 



shown) identically with the crude preparations in Figure 3, 
indicating that the ts85 ubiquitin conjugation defect is not 
due to, or dependent on. the presence of ubiquitin from 
ts85 cells. 

ts85R-MN3 is a characterized growth revertant of ts85 
(Yasuda et al., 1981), derived from ts85 by chemical 
mutagenesis and selection for the wild-type phenotype of 
cell cycle progression. The kinetics of heat inactivation of 
fraction II (see Experimental Procedures) prepared from 
ts85R-MN3 cells was indistinguishable from that of fraction 
II from wild-type FM3A cells (data not shown). The in vitro 
thermolability of the ts85 ubiquitin-conjugating activity is 
therefore specifically associated with the phenotype of cell 
cycle arrest of ts85 cells at the nonpermissive temperature. 

Constraints on putative mechanisms of inactivation can 
be inferred from the behavior of mixed (in this case. ts85 
and FM3A) extracts. From the additivity of ubiquitin-con- 
jugating activity observed when mixed extracts are inacti- 
vated by heat (Figure 4A), we infer that catalytic enzyme 
modification (e.g. phosphorylation, dephosphorylation, 
proteolysis) by an exchangeable activity peculiar to ts85 
extracts is not likely to be a rate-determining step of heat 
mactivation. If such an inhibitory activity did exist in the 
ts85 extract, one would expect the activity of the mixed 
extract to resemble ts85 in its temperature sensitivity. 
Results similar to those in Figure 4A were obtained in an 
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-.nalogous mixing experiment carried out with affinity-puri- 
,-ed ubiquitin-conjugating enzymes from ts85 and FM3A 
ceils (Figure 4B). 

Both Ubiquitin Synthesis and Ubiquitin Conjugation 
to Histone H2A Are Inhibited in ts85 Cells at 
Nonpermissive Temperature 

To address the significance of our in vitro results we 
attempted to show directly a loss of ubiquitin-conjugating 
activity in ts85 cells in vivo. After a sufficiently brief pulse 
" -Jiing with 35 S-methionme, a decrease in fluorographic 
jinsity of the uH2A electrophoretic band (relative to that 
ot ^ree ubiquitin) would be seen only if the rate of in vivo 
ubiquitin conjugation to H2A were reduced. The synthesis 
of both free ubiquitin and uH2A were monitored, since the 
bulk of ^S-methionine pulse label in uH2A is within its 
ubiquitin moiety (see Seale, 1981 , and the legend to Figure 

^ts85 cells were labeled for 10 mm with 35 S-methionine 
at 30.5°C and at 39°C. the tatter either 70 mm or 140 min 
- - r the shift-up. Whole-cell acid extracts were subjected 

-ectrophorests in a composite gel system (see Experi- 
mental Procedures) developed to monitor the in vivo syn- 
thesis of uH2A and free ubiquitin (Figure 5). The gel was 
loaded with equal amounts of TCA-insoluble ^-methio- 
nine counts. One unanticipated finding from this experi- 
ment was that synthesis of tree ubiquitin was significantly 
and specifically inhibited m ts8S cells at the nonpermissive 
temperature (Figure 5B). Although a transient effect of 
aoparently the same nature was observed with both pa- 

*-:! FM3A cells (data not shown) and revertant ts85R- 

^ ceils (Figure 5B. lane e), in ts85 cells ubiquitin syn- 
tnesis remained inhibited for the duration of treatment at 
the nonpermissive temperature (at least 13 hr, the longest 
period monitored: Figure 5B, and data not shown). We 
suggest these results are due to a specific regulation of 
ubiquitin synthesis. One possibility is that ubiquitin synthe- 
sis is controlled via negative feedback according to the 
levels of free ubiquitin. This would explain the inhibition of 
•ibiquitin synthesis in ts85 cells at the nonpermissive tern- 
::jre as the result of an isopeptidase-mediated release 
-.-9 ubiquitin from ubiquitin-protein conjugates. 

The composite polyacrylamide gel. in which free ubiqui- 
tin is resolved in one dimension (Figure 5B), served also 
■ as the first of two electrophoretic dimensions required to 
/esolve uH2A in the same.sample of whole-cell acid extract. 
Only 70 min after shifting ts85 cells to 39°C, a strong (at 
least 75%) reduction in the fluorographic intensity of the 
band of the newly synthesized uH2A was observed (Figure 
•^A). This result can be compared to an approximately 

" reduction in the steady-state (total) uH2A levels in 
, after 1 hr at 39°C (Marunouchi et al.. 1980). As 
mentioned above, the fluorographic intensity of the band 
of newly synthesized free ubiquitin at 39°C is also reduced 
m ts85. but to a much smaller extent (Figure 5). 

A different two-dimensional electrophoretic system (see 
Experimental Procedures) was used to confirm that the 



residual intensity of the uH2A band in Figure 5A is due at 
least mostly to uH2A, rather than an unrelated minor 
comigrating protein (data not shown). We interpret this low 
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Figure 5. Both Ubiquitin Synthesis and Ubiquitin Conjugation to Histone 
H2A Are inhibited in ts85 Ceils at the Nonpermissive Temperature: Analysis 
Dy In Vivo Pulse-Labeling 

ts85 cells (lanes a-c) and ts85R-MN3 cells (lanes d-f) were pulse-labeled 
with *S-meth.on.ne lor 1 mm (see Expenmental Procedures), either at 30°C 
(lanes ad) or at 40°C. m the latter case either 70 min (lanes b.e) or HO 
mm (lanes c.f) after sh.tt-up. Whole-cell acid extracts (1.5 x 10 5 TCA- 
insoluble cpm per lane; see Expenmental Procedures) were subjected to 
electrophoresis in compose gels (see Expenmental Procedures) and 
tluorograpny to monitor the in vivo synthes.s of uH2A (A) and ub.qu.tm (B). 
A separate expenment showed that the synthesis ot H2A.2 (the only 
subtype of mouse H2A containing methionine; West and Bonner. 1980) is 
not temperature sensitive in relation to the other core histones (data not 
shown). See. Expenmental Procedures tor the electrophoretic techn.ques 
and other details. uH2A: ubtquitin-H2A semihistone. u. ubiqu.t.n. 
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but detectable rate of uH2A formation by ts85 cells at the 
nonpermissive temperature (Figure 5A) as a result of leak- 
iness in the temperature sensitivity of the ubiquitin-conju- 
gating system in vivo. This interpretation is consistent with 
our in vitro results (Figure 3B). 

Most importantly, the in vivo experiment of Figure 5 
shows that the previously observed disappearance of 
uH2A from ts85 cells at the nonpermissive temperature 
(Marunouchi et al., 1980: Matsumoto et al.. 1983) is due 
to reduction of uH2A synthesis, rather than enhanced 
degradation. The rapidity of the effect of temperature shift- 
up on ubiquitin-protein conjugation strongly suggests that 
the numerous other temperature-induced defects in ts85 
cells (see Introduction) are pleiotropic effects of deficient 
ubiquitin-protein conjugation. 

Thermolability of Affinity-Purified Ubiquitin- 
Conjugating Activity from ts85 Cells 

Affinity chromatography on ubiquitm-Sepharose (Hershko 
et al., 1983) was used to copurify the three enzymes (E1- 
E3) required for ubiquitin-protein conjugation. This sub- 
stantially purified system was subjected to heat inactiva- 
tion. and subsequent ubiquitm-conjugation assays (in the 
presence of added histone H2B as a ubiquitin acceptor: 
see Experimental Procedures) showed that the specfic 
thermolability of the ubiquitin-protein ligase system from 
ts85 cells had been retained (see Figure 6). 

In addition to this confirmatory result. Figure 6 shows 
that, unlike the wild-type ubiquitin-protein ligase system, 
the ts85 system strongly conjugates ubiquitin to a specific 
endogenous substrate (band X; Figure 6A. lane a). Since 
the substrate specificity of the ubiquitin-protein ligase 



system includes a high selectivity for structurally aberrant 
proteins (Hershko et al., 1982; Chin et al., 1982), it seemed 
possible that the 125 l-ubiquitin was covalently bound to the 
mutant enzyme we sought to identify. In the ts85 samples, 
the intensities of both uH2B and X bands decreased with 
time spent at 40°C (Figures 4B and 6). Unexpectedly, 
however, the decay of band X was not reversed by the 
presence of an active (wild-type) ubiquitin-protein ligase 
system (Figure 4B). Apparently any putative heat-induced 
structural damage to the unlabeled precursor of band X 
reduced, rather than magnified, the probability of its ubi- 
quitination. Upon prolonged exposure, band X could be 
visualized in the FM3A samples as well (Figure 6D). The 
staining intensity of an unlabeled protein band immediately 
beneath the band X. identified below as the nonubiquitin 
component of band X (Figure 6E). was similar in ts85 and 
FM3A samples (data not shown). A faint high molecular 
weight band (band Y), well' separated from band X, ap- 
peared in the ts85 samples only upon a 40°C preincubation 
(Figure 6C). The same band appeared in the FM3A sample 
after an additional 45 min at 40°C (Figure 6D). 

Quantitative analysis (Figure 4B) showed that in the ts85 
sample the band X intensity decreased more rapidly than 
that of uH2B. In addition, the decay of band X, unlike that 
of band uH2B. was exponential and extrapolated to the 
control, or time zero, value. These characteristics sug- 
gested that the decrease in band X intensity quantitatively 
traced the primary inactivation event in the ts85 sample. 
Strong independent support for this interpretation is found 
in the mixing experiment, in which the quantitative features 
of band X decay are conserved (Figure 4B). The results 
obtained using mixed (ts85 plus FM3A) extracts (Figure 
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Figure 6. Heat inactivation of Affinity-Purified Ubiquitm-Protein Ligase Systems from ts85 and FM3A Cells 

Ubiquitin-protein ligase actrvity was purified from fraction II by ubiquitin-affinity chromatography (elution with 2 mM DTT, 50 mM Tns-HCl. pH 9.0: see 
Experimental Procedures). Purified ubiquittn-protem ligase samples from ts85 cells (A.C) and from FM3A cells (B.D) were premcubated at 40°C prior to assay 
- with ,25 l-ubiqu)tin at 30°C for 5 mm. The time points of preincubation at 40°C are (in minutes) 0 (lane a). 15 (b). 30 (c). 60 (d). 90 (e). and 120 (f). Ovalbumin 
5 mg/ml). pyrophosphatase (10 units/ml), and ATP {2 mM) were present throughout the experiment, Ubiquitin-protein ligase sample was omitted from the 
assay m B. lane g. The ligase samples were assayed at 60 pg/ml, with purified histone H2B at 2 mg/ml as the 1zs 1-ubiqurtin acceptor and ,B t-ubiquitin at 8 jig/ 
ml. 2 x 10* cpm were loaded onto each lane of an 18% discontinuous polyacrytamtde-SDS gel. A and B are 24 hr autoradiographic exposures, and C and 
D (upper regions of me gels shown m A and B. respectively), are 10 day exposures. uH2B denotes a band dependent on the addition of exogenous substrate, 
histone H2B purified from calf thymus. This band is tentatively identified as monoubiquitinated H2B (uH2B) by the criterion of efectrophoretic mobility (data 
not shown). We have not determined whether the ubiquitination site(s) of in vitro-synthesized uH2B is identical with that of in vivo- synthesized uH2B (West 
and Bonner, 1980). Neither form is known to be homogeneous tn this regard. X and Y denote high molecular weight ubiquitin-protein conjugates identified in 
E (see text and Table 1). E shows the nigh moeicular weight region of a discontinuous 7.5% polyacryiamide-SDS gel loaded with samples described 
elsewhere, as indicated: lane a fA. lane c); lane b (Figure 6A. lane a); lane c (Figure 6B. lane a); lane d (Figure 8B, lane j); and lane e (Figure 8B, lane f). The 
rime of autoradiographic exposure was separately chosen for each lane m E. to optimize the visualization of discrete bands. The bands designated 0. 1.2. 3. 
and 4 correspond to El enzyme conjugated to the indicated number of ubiquitin molecules. The location of nonubiquitmated E1 (band 0) was found by 
superimposing the autoradiogram and the stained gel (data not shown). Band 4 is faint in the autoradiogram and could not be reproduced satisfactorily. 
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q\ jndiC ate that the rate of ubiquitination of the precursor 
oand X is independent of the rate of ubiquitination of 
histone H2B in the same sample. 

Selected samples were analyzed on a more dilute (7.5%) 
nolvacrylamide-SDS gel for molecular weight estimation 
and better resolution in the high molecular weight region. 
The apparent molecular weight of band X (-113 kd) is 
consistent with its assignment as monoubiquitmated ubi- 
□uitm-activating enzyme (uE1 ). No such modification of E1 
had been reported, but the well characterized rabbit retic- 
E1 (Haas and Rose. 1982) did form uE1 when 
•■c (Figure 6E, lane e). The ubtquitinated E1 species 
observed in Figure 6 are distinct from the prevtously 
characterized thiolester between E1 andubtquit.n(E1-S-u; 
Gechanover et al.. 1982; Haas et al.. 1982; see also Figure 
1) since the former are resistant to boiling in 0.65 M 2- 
mercaptoethanol prior to electrophoresis, a treatment 
known to cleave the E1-S~u thiolester efficiently (Ciechan- 
' over et al 1 982). The possibility that band X is simply the 
residual of an incomplete cleavage of the thiolester bond 
• -'uded by the fact that band X is resolved into a 
■Je\ (consisting of uE1 and u 2 El: Figure 6E, lane d, 
and data not shown) on a 7.5% polyacrylam.de-SDS gel; 
residual E1-S~u would be expected to be a unique species 
and therefore to migrate as a singlet instead of a doublet. 
In the 7 5% polyacrylamide-SDS gel. the relative mobility 
of band Y was shifted toward this new doublet, resulting 
in an array of bands that was clearly periodic (Figure 6E. 
lane a Table 1). much as previously observed in electro- 
nhoretic patterns of multiubiguitmated proteins (Hershko 
1980). 

r the exponential decay of band X in thermomacti- 
vation experiments (Figure 4B) we infer that uE1 and u 2 E1 
(which together comprise the band X; Figure 6. Table 1, 
and data not shown) form simply in proportion to the 
amount of active E1 enzyme from ts85 cells. In contrast, 
generation of detectable u 3 E1 and u<E1 (band Y in Figure 
6) apparently requires a metastabie E1 species (stable at 
4°C and for at least 5-10 min at 30°C) formed only upon 
hoat treatment of the ubiquitin-protein ligase system. 

.-.-notability of Ubiquitin-Activating Enzyme from 
ts85 Cells 

Seeking to show directly that E1 from ts85 cells was 
temperature sensitive, we assayed the formation of ubi- 
v quitm-E 1 thiolester E 1 -S~u (an intermediate in the transfer 
-of activated ubiquitin to acceptor proteins; see Figure 1 
and Ciechanover et al.. 1982). If the ubiquitinating enzymes 
E2 and E3 were separated from E1, temperature-sensitive 
formation of E1-S~u by the E1 enzyme from ts85 cells 
.' be interpretable directly in terms of E1 activity and 
. : :tot be ascribed to altered function in a downstream 
enzyme. E1 was purified to more than 90% homogeneity 
(Figure 7) by covalent ubiquitin-affinity chromatography, " 
using pyrophosphate and AMP to drive the back-reaction 
of ATP synthesis that eiutes El from the ubiquitin column 
(Ciechanover et al., 1982; see also Figure 1). We found 



Tab le 1 . Ubtquitinated Derivatives of UbiguitmActivating Enzyme (ED 

h«,<.ti/- Apparent Molecular 

vA/»inhi urn Putative Identity 



Electrophoretic 



Dana i^esiyi wim ■ 
0 . 


105 


E1 


1 


113 


uE1 


2 


118 


U2EI 


3 


124 




4 


120 


U4EI 

_ . „ A ^nHmn rn 



Each electropnoretic dana is aesigrw«u vy « , tnn 

m pu**. muit^ry 0. ub*u,.in mceties <n) ,n the eon«an*g *E 
denvanve. Rabbi reticulocyte El formed uEl but no. u,E1 (F<jure 6E. lane 
e). See Figure 6 and the mam text tor details. 




-on 

-205 Kd 

-116 Kd 
-97 Kd 



Figure 7. Electrophone Pattern of Purilied Ubiquitin-Ac.ivating Enzyme 
(El) from ts85 Cells: Comparison with Homologous Enzyme from Rabbit 
Reticulocytes 

Fraction II was further fractionated by covalent affinity f™"***?' 
a ubiquitin-Sepharose column (eUon wrth 2 «nM AMP. '"^J 
pyrophosphate. 50 mM Tris-HC pH 7.2; see Expenmen al *ocedu es^ 
?L affinity column was loaded wth 44 mg of extract (.radon WjM 
cells; lane b was loaded with V. of the column eluate; lane ^ * lane d 
V». Lane a was loaded with V. of the affinity column eh«te from 28 mg d 
rabb,. reticulocyte extract (tracts I). E, v*s ^J^JT^S 
of fraction II from FM3A ceUs (not shown). The ong,n of the 7j £Pj«* 
amide-SDS separating gel is indicated. Prolans were v*ual>zed by silver 
M 7m Expenrny.^ Procedures,. The 

lanes b and d) of affinity-purified ubiqurtin-actrvatrng enzyme (El) from tsB5 
cePs is more than 90%. 



no difference between the electrophoretic mobilities of El 
enzymes from ts85 and FM3A cells, but a small reproduc- 
ible difference, corresponding to about 2 kd, between s85 
and rabbit reticulocyte E1 enzymes, probably resulting 
from a species difference (Figure 7, lanes a and b). The 
rabbit and mouse forms of (presumptive) uE1 also showed 
this small difference in electrophoretic mobility (Figure 6E. 
lanes d and e; compare to Figure 7, lanes b and a). Since 
the protein stain (Figure 7) definitely visualizes E1 enzyme 
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(Ciechanover et a!., 1982; Haas et al., 1982), the corre- 
sponding mobility difference between the autoradiographic 
bands (Figure 6E, lanes d and e, and data not shown) 
dearly identifies their unlabeled precursor as E1 enzyme. 

Figure 8 shows equilibrium levels of E1-S~u formed 
upon 30°C incubation of purified E1 from ts85 and FM3A 
cells in the presence of 125 l-ubiquitin and ATP (Ciechanover 
et al., 1982; Haas et al„ 1982; see also Figure 1). A 40°C 
preincubation rapidly and specifically inactivates E1 en- 
zyme from ts85 (Figure 8A, lanes b-e). Thus heat inacti- 
vation very likely slows or prevents the formation of E1- 
S-u; however, destabilization of EI-S-u from ts85 cells 
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may also contribute to its disappearance upon heat treat- 
ment, as observed by equilibrium assay (Figure 8). When 
directly assayed as in Figure 8, the wild-type E1 enzyme 
is quite stable at 40°C, suggesting that the slow inactivation 
of the wild-type system observed in Figure 6 might be due 
in part to heat inactivation of another enzyme of the 
ubiquitin-protein ligase system. 

In the experiment shown in Figure 8A, the control (30°C) 
ts85 E1 activity was much lower than the corresponding 
wild-type (FM3A) E1 activity. Since E1 is known to form a 
homodimer (Ciechanover et al., 1982). a concentration- 
dependent monomer-dimer equilibrium could exist. As- 

Figure 8. Heat Inactivation of Purified Ubiqurtin- 
Activating Enzymes. (E1) from ts85. FM3A, and 
Rabbit Reticulocytes 

E 1 enzymes were purified by ubtquituvaff mrty chro- 
matography (see legend to Figure 7 and Experi- 
mental Procedures). Preincubation at 40°C was in 
10% glycerol. 0.2 mM DTT. 5 mg/mi ovalbumin, 
E «j" S ~~ U 2 mM ATP, 5 mM MgCl 2 . 50 mM Tns-HCl (pH 7.2).' 

In (A) and (B) the times of preincubation at 40°C 
were 0 (lanes b.fj). 20 (lanes c.g.k). 40 (lanes 
d.h.l). or 80 (lanes e.i.m) mm. Lanes a m A. B. and 
C are mock assays m which uoiqurtin-actrvating 
enzyme was omitted. In C. preincubation at 4TJ°C 
was for 0 (lanes a.e-h.m), 10 (lane b). 20 (lane c). 
and 40 (lanes d.i-l) mm. The reticulocyte enzyme 
was preincubated and assayed without dilution 
(lanes e.i). and after dilutions of 3-fold (lanes f,j), 
9-fold (lanes g.k), and 27-fold (lanes hj). in C. lane 
n is a control identical with lane e, except that the 
SDS sample buffer was added before the ,a 1- 
ubiqurtin; lane o is the corresponding mock assay 
(enzyme omitted). The enzyme assay (50 mO was 
initiated after preincubation at 40°C by the addition 
of 125 l-ubiqurtin (0.45 mQI at 30°C. and pyrophos- 
phatase (0.62 unit). After 10 mm at 30°C 20 *J 
samples were mixed with equal volumes of SDS 
sample buffers, either with (B) or without (A and 
C) 2-mercaptoethanol (0.65 M finaJ concentration). 
The 2-mercaptoethanol-containing samples were 
boiled for 3 mm prior to electrophoresis to cleave 
the thiolester bond between ubiqurtin and ubiqui- 
tin-activating enzyme (E1); electrophoresis was in 
7.5% discontinuous pofyacrytamide-SDS gels (15 
cm long. 0.8 mm thick) at 4°C and 50 ma. with 
additional cooling by a fan. Before drying, the gels 
were soaked in 5% glycerol for 10 mm. Each lane 
was loaded with 7 x 10 s com. in A and B. 
exposure times were 12 hr for lanes a-e. and 6 hr 
for lanes f-m. C was exposed for 16 hr. El-S^u 
denotes a monoubiquitinated derivative of E i cou- 
pled to ubiquitm via a thiotester bond. uEi denotes 
the minor 2-mercaptoethanol- resistant residual 
from this band, a species distinct from the thioles- 
ter derivative E1-S-u (see text); ova denotes the 
band of earner ovalbumin, detected by Coomassie 
staining (not shown). The association of a small 
proportion of the free 12 *-ubiquittn with this band 
is not dependent on E1 (A. Jane a) and is appar- 
ently noncovalent (B. lane a). 
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suming that only E1 monomers were heat sensitive, the 
ipid thermoinactivation of the E1 enzyme from ts85 could 
reflect merely a higher fractional monomer concentration 
in the ts85 sample. However, in a second experiment 
(Figure 8C, lanes a and d; compare to lanes h and I), 
interpretations of this type were excluded by assessing 
inactivation as a function of the wild-type enzyme concen- 
tration. We conclude that ubiquitin-activating enzyme (E1) 
from ts85 cells is thermolabile. 

n iscussion 

Fhermolability of Ubiquitin-Activating Enzyme from 
ts85 Cells: Possible Interpretations 

We have shown by pulse-labeling in vivo that the loss of 
uH2A in ts85 cells at nonpermissive temperature is due to 
reduced ubiquitin-protein conjugation, and that the re- 
duced conjugation rate is due ultimately to the specific 
thermolability of ubiquitin-activating enzyme E1 from ts85 
cells. Thus the mutation controlling conditional cell cycie 
""rest in ts85 cells is predicted to lie within the structural 
• j- for E 1 . Since the ts85 phenotype is recessive (Ya- 
suda et al., 1981), the corresponding mutation may be 
rescuable by transfection with wild-type DNA. This ap- 
proach could be used to clone the E1 gene and thereby 
ultimately to exclude the remote possibility that a consti- 
tutive defect in posttranslational modification accounts for 
the thermolability of the E1 enzyme from ts85 cells. 

We have also characterized multiubiquitinated deriva- 
tives of E1 enzyme formed in affinity-purified in vitro sys- 
'■^ns (Figure 6 and Table 1). These derivatives are distinct 
- ubiquitin-E1 thiolester, and had not been previously 
identified. The thermolabile E1 enzyme from ts85 accepts 
ubiquitin at a much higher rate than the wild-type enzyme; 
this initially implicated E1 as the temperature-sensitive 
component of the ts85 ubiquitin-protein ligase system. 
Neither the physiological significance of the ubiquitination 
of E1 nor its occurrence in vivo is addressed by our 
experiments. One might expect that the synthesis of u n E1 
occurs via the three-component ubiquitin-protein ligase 
^'hway (Figure 1). In this case, the unexpectedly high 
rate of u n E1 synthesis could be due to the presence 
a j high-affinity (0.58 /iM; Haas and Rose, 1982) binding 
site for ubiquitin on the E1 enzyme (the site of ubiquitin 
adenylate synthesis; see Figure 1). If the effect of 40°C 
preincubation on E1 (see Figures 4B and 6) were to 
eliminate or strongly reduce the affinity of this site for" 
ubiquitin, the activity of the El enzyme and its preferred 
substrate status would be lost coordinately, in agreement 
with our observations. Although without additional ad hoc 
•sumptions this model appears to be inconsistent with 
^tailed kinetics of band X decay in E1 thermoinacti- 
'iiiion experiments (Figure 4B). neither this discrepancy 
nor the formation of u n E1 in E1 preparations of more than 
90% purity (Figure 6 and data not shown) suffices to 
preclude the above model. 
An alternative model in which E1 ubiquitination requires 



only E1 is consistent with the high rate of u n E1 synthesis 
in vitro, its specificity for active E1, and the exponential 
decay of band X in thermoinactivation experiments (Figure 
4B). Activated ubiquitin for self-ubiquitination of E1 could 
be donated by either thiolester or adenylate intermediates 
(Figure 1). The defective E1 enzyme of ts85 may self- 
transfer ubiquitin with a much higher efficiency than the 
wild-type E1 does, either because of a structural difference 
in (or accessible to) its active site or as a result or a 
secondary effect— for example, of impaired forward reac- 
tions. For instance, the E1 from ts85 could be impaired in 
a postulated slow conformational change preceding the 
conversion of ubiquitin adenylate to ubiquitin thiolester 
(Figure 1, and I. Rose, personal communication). 

The Ubiquitin System and the Heat Shock 
Response 

We have observed that upon shift-up to the nonpermissive 
temperature, the synthesis of certain heat shock proteins 
is strongly induced in ts85 but not FM3A cells (D. Finley, 
unpublished data; see also Ciechanover et al., 1984b). 
This result may suggest the existence of a protein that is 
both an activator (presumably transcriptional) of certain 
heat shock genes and a preferred substrate for the ubi- 
quitin-dependent proteolytic system. As a corollary, the 
rate of ubiquitin-dependent degradation of this hypothetical 
activator protein would be a decisive parameter regulating 
the induction of the heat shock response. Agents that 
effectively stabilize this activator against ubiquitin-depend- 
ent degradation would then act as heat shock inducers. 
Thus the induction of heat shock proteins would occur 
when the ubiquitin-dependent system were overloaded or 
inactivated. This is consistent with the observation by 
Glover (1982) that uH2A disappears upon heat shock of 
cultured Drosophila cells. 

It has previously been shown that the synthesis of 
abnormal proteins, such as those containing amino acid 
analogs, leads to heat shock induction (Hightower and 
Smith, 1978; Hightower, 1980; Kelley and Schlesinger, 
1978). Since .denatured, or abnormal proteins, which ordi- 
narily undergo very rapid ubiquitin-dependent degradation 
(see Ciechanover et al., 1984b), would be expected to 
accumulate in ts85 cells at the nonpermissive temperature, 
there emerges a possibility that the ubiquitin-dependent 
proteolytic pathway and the heat shock response are 
complementary systems designed (among other things) to 
prevent cellular damage that abnormal proteins could in- 
flict. The intracellular precipitation of abnormal proteins 
could trap otherwise dynamic fibrous structures such as 
chromatin and components of the cytoskeleton. It is pos- 
sible that at least some of the heat shock proteins recog- 
nize the same binding sites by which abnormal proteins 
recognize each other in precipitate formation, but bind 
monovalently to abnormal proteins so as to prevent precip- 
itate formation. The putative capacity of heat shock pro- 
teins to provide monovalent recognition of exposed hydro- 
phobic surfaces of proteins could play roles in aspects of 
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normal physiology, such as the intracellular transport of 
proteins destined for a specific membrane association as 
in the well characterized case of the complex between the 
src protein and the heat shock protein pp90 (Courtneige' 
and Bishop, 1982; Brugge et al., 1983). Altered properties 
of the heat shock response in ts85 cells (see above) may 
therefore prove useful in studies of the function, as well as 
regulation, of the heat shock response. 

Possible Significance of Nuclear Ubiquitin-Histone 
Conjugates 

The thermolability of the soluble ubiquitin-activatmg- en- 
zyme E1 and the inhibition of synthesis of the nuclear 
uH2A semihistone in ts85 cells at the nonpermissive tem- 
perature (see Results), taken together, strongly suggest 
that the cytoplasmic and nuclear functions of ubiquitination 
depend on a shared El enzyme'. The thermolabile E1 
enzyme of ts85 can thus be used to analyze both nuclear 
and cytoplasmic functions of ubiquitinated proteins. 

The chromosomal semihistone uH2A is apparently the 
most abundant ubiquitinated protein species in nucleated 
mammalian cells (Chin et al., 1982; Atidia and Kulka 1982) 
We have noted that a sequence of five amino acid residues 
that includes the ubiquitination site of H2A is-conserved in 
ail of the many sequenced H2As, from yeast to man 
although the flanking sequences of the carboxy-termmal 
H2A "tail" are only partially conserved (Choe et al., 1982) 
As histones turn over slowly, the significance of uH2A and 
other ubiquitm-histone conjugates may be unrelated to 
proteolysis. One possibility is that in ts85 cells the specific 
temperature-dependent defects in chromosomal proc- 
esses, such as H1 phosphorylation, DNA synthesis, and 
chromatin condensation (reviewed by Marunouchi et al 
1983), are due to the loss of uH2A as a specific structural 
component of chromatin, and not to the loss of the ubi- 
quitin-dependent pathway of protein degradation (see Cie- 
chanover et al., 1984b). Among the possible nonproteolytic 
roles of nucleosome ubiquitination are transient perturba- 
tions (unfolding) of chromatin structures, including possibly 
the nucleosome itself, and marking specific regions of 
chromosomal fibers for binding of unidentified ligands 
involved in chromosomal processes such as transcription 
or repair. 

The previously reported absence of uH2A from isolated 
metaphase chromosomes (Matsui et al., 1979; Wu et al 

1981) has been interpreted as reflecting a causative role 
.of the uH2A "removal" in triggering mitotic chromosome 

condensation. However, the predominantly dispersed na- 
ture at the nonpermissive temperature of chromatin in the 
ts85 cells lacking uH2A (Mita et al., 1980) strongly sug- 
gests that the loss of uH2A durim G2 is hot sufficient for 
• chromosome condensation. Also, the coisolation of iso- 
peptidase with metaphase chromosomes (Matsui et al 

1982) reduces confidence that metaphase chromosomes 
lack uH2A m vivo, since isopeptidase inhibitors were not 
used during chromosome isolation. 

The previously observed preferential localization of ubi- 



quitinated nucleosomes within transcribed chromosomal 
regions in Drosophila (Levinger and Varshavsky, 1982- 
Varshavsky et al.. 1983) and the more recent finding of a 
highly preferential ubiquitination of the first two to three 
nucleosomes downstream from the transcriptional pro- 
moter of the 31 kb long mouse dihydrofolate reductase 
gene (J. Barsoum and A. Varshavsky, unpublished data), 
are both consistent with the possible nonproteolytic func- 
tions of ubiquitin-histone conjugates discussed above. 
These data are also consistent with the hypothesis of 
chromosomal locus-specific, ubiquitin-dependent proteol- 
ysis of histones as a mechanism of chromatin remodeling 
(Levinger and Varshavsky, 1982; Varshavsky et al., 1983). 
The extreme stability of differentiated cellular phenotypes 
may suggest an involvement of mechanistically irreversible, 
locus-specific modifications of" chromatin structure; our 
working hypothesis is that the nuclear ubiquitin-dependent 
proteolytic system provides such a pathway. Histone dis- 
placement from the entire chromosome complement, such 
as occurs in spermatocyte nuclei, could also be effected 
by the ubiquitin-dependent proteolytic pathway, for in- 
stance, if its specificity were subject to developmental 
control. These hypotheses are open to test. 

ts85 cells fail to degrade short-lived intracellular proteins 
at the nonpermissive temperature (Ciechanover et al.. 
1984b), demonstrating that the turnover of the bulk of 
short-lived intracellular proteins in this higher eucaryotic 
cell proceeds through a ubiquitin-dependent pathway. The 
protein degradation defect of ts85 cells suggests that their 
conditional G2 arrest may be a consequence of stabiliza- 
tion and accumulation of normally short-lived regulatory 
proteins, a class of proteins that could well include regu- 
lators of cell cycle progression (for discussion see Cie- 
chanover et al.. 1984b). 

Experimental Procedures 
Cell Culture 

The cell lines FM3A. ts85 (Mita et al.. 1980), and ts85R-MN3 (Yasuda et 
al.. 1981) were gifts from Dr. H. Yasuda (University of California Davis) 
They were grown m Duibecco's mod.f.ed Eagle's medium (GlBCO) supple- 
mented with pencillm (50 un.ts/mf). streptomycin (50 „g/mi). Na-pyruvate 
(110 mg/i). additional glucose (3.5 g/l). and 10% calf serum. Cells were 
grown in suspension using Falcon tissue culture flasks at 30 5*C in a 
mixture of 5% C0 2 and 95% air at 98% relative humidity. 

Preparation of Fraction II 

Exponential cuitures were washed twice by low-speed centrtfuganon at 
room temperature in Hank's balanced salt solution supplemented with 20 
mM Na-HEPES (pH 7.5), then resuspended to 2.5 x 10' cells per milliliter 
and incubated at 30*C for 4 hr m the same solution supplemented with 20 
mM 2-deoxy-o-glucose and 0.2 mM 2.4-din,trophenol (an ATP-depieting 
treatment; Hershko et al.. 1978). Thereafter cells were pelleted, washed at 
4°C with Hank's solution by low-speed centnfugation, and lysed at 2 x 10* 
cells per milliliter m 0.25 mM dithiothreitol (DTT), 10 mM Na-HEPES (pH 
7.5). using a Dounce homogemzer. Lysates were centnfuged for i hr at 
100.000 x g at 4<>C. and supernatants were fractionated by step elution 
on DEAE-cellulose as previously described {Ciechanover et al 1978) 
Proteins in the 0.02 - 0.5 M KCl eluate (fraction II) were precipitated by 
adding ammonium sulfate to 90% saturation; the pellet was resuspended 
m 1 mM DTT. 20 mM Tns-HCl (pH 7.5). and dialyzed agamst the same 
buffer for 2 days at 4°C. In some experiments sample concentration and 
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.,->r exchange were accomplished by ultrafiltration in CF-25 Centriflo 
membrane cones (Amicon). Before freezing the samples, glycerol was 
added to 10%. and for storage over a month at -70°C, ATP was added 
to 0 5 mM. Protein concentration was determined by protein assay (Bio- 
Rad). using bovine igG as a standard. 

Ubiquitin-Affinity Chromatography 

Ubiquitm was punfied from human erythrocytes as previously described 
/Ciechanover et al.. 1982). Ubiquitm was coupled to actrvate,pH-Sepharose 
4B (Sigma) as described previously (Gechanover et al.. 1982). except that 
the concentration of Sepharose-bound ubiquitin was approximately 20 mg 
- milliliter of swollen gel. Column operations, storage, and washing 
, were as previously described (Ciechanover et al.. 1982; Hershko 
1953) Extracts (fraction II: see above) were applied to the column in 
5 mM MgCl 2 . 0.2 mM DTT. 2 mM ATP. 50 mM Tns-HCl (pH 7.2). Elution 
protocols are described tn me appropriate figure legends. 

Ubiquitin-Protein Conjugation Assays 

Ub»au.t«n-prote.n con]ugat.on assays were perlormed in 10 mM creatine 
ohospnate. 5 mM MgCI 2 . 1 mM DTT. 0.5 mM ATP. 100 vQW creatine 
pnosphokinase. 50 mM Tns-HCl (pH 7.5). unless stated otherwise. All 
assays were initiated by adding a solution containing purified ^-ubiquitm 
(labeled with ,25 1 using the chloramme T method; Ciechanover et al.. 1980). 
-.«d an exogenous protein substrate (either denatured lysozyme or histone 

»Mef a 5 min preincubation at the assay temperature. Variations of 
• rotocoi are described in the figure legends. Assays were terminated 
D y - the addit.on of a half volume of the 3x SDS sample buffer, consisting 
of 30% glycerol. 3% SDS, 15 mM Na-EDTA. 2.0 M 2-mercaptoethanol. 0.3 
mo/ml bromopnenol blue. 0.375 M Tns-HCl (pH 6.8): the samples were 
boiled for 3 mm before electrophoresis in 12.5% (except where noted) 
discontinuous poiyacrylamide-SDS gels (Thomas and Kornberg. 1975). 
Assays of fraction U and the affinity-purified ligase system were perlormed 
under conditions of linearity, both in time and in enzyme. 

Lysozyme was denatured by lodmation. using the chloramine T method 
(Ciechanover et al.. 1980). Histone H2B (Boehnnger) was used as a 
.;hiouitinatton substrate without pnor chemical modification. We find that 

* of histone H2B as a substrate has several technical advantages 

•.j use of denatured lysozyme. 

In Vivo Labeling with "S-Methionine, Acid Extraction, and 
Electrophoresis: Resolution of Free Ubiquitin and uH2A 
Semihistone in Whole-Cell Acid Extracts 

Labeling medium was methionine-free MEM (Flow), supplemented with 
glutamtne (0.29 g/1). additional glucose (3.5 g/l). 1x nonessential amino 
acid solution (GIBCO). sodium pyruvate (0.1 1 g/l). Fe(N0 3 )a (300 nM), and 
20 mM Na-HEPES (pH 7.5). Water baths were used for temperature control. 
Methionine depletion was by three washes in labeling medium for a total of 
i hr with incubations at 3 x 10* cells per milliliter: cells were pelleted by 
•^o centntugation at either room temperature or 39°C. as appropri- 
oach experimental point. 3x10* cells were labeled in a volume of 
. mi with 65 fiO of ^-methionine (1420 Ci/mmole. Amersham). The 
pulse was terminated by immersion of the round-bottom sample tubes in 
ce water; the solutions were then transferred to Eppendorl centrifuge tubes 
and centnfuged at 12,800 x g for 30 sec. The supernatant was withdrawn, 
and the tube immersed in dry ice-acetone. The cell pellet was subsequently 
extracted with 0.5 N HO at 4°C as previously described (Bonner et al.. 
1980). except that phenytmethylsulfonyl fluoride (PMSF, 0.5 mM) and 
protamine sulfate (2 mg/ml. Sigma) were included. 

To resolve and detect both free ubiquitin and uH2A semihistone electro- 
nhorotic bands m a sample of whole-cell acid extract, under conditions 
' many samples had to be analyzed, we developed the composite 
• ^i descnbed below. The samples of whole-celt acid extracts 
:-..ud tor electrophoresis as described previously; Bonner et al.. 
l'J80). were loaded onto a composite gel containing 2 M urea. 0.4% Tnton 
X 100. 0.9 M CH 3 COOH, and 50 mM NK.OH. The gel (1.5 mm thick; 25 
cm total length) was poiymenzed with TEMED and ammonium persultate. 
and pf electrophoreses with 0.9 M CHjCOOH. 50 mM NH»OH as a running 
buffer at 150 V tor 30-40 hr. For electrophoresis, the running buffer was 
09 M CHjCOOH 0.1 M glycine (Bonner et al.. 1980). The stacking gel (3 
cm long) was 4% acryiamide. 0.02% bisacrylamide. and did not contain 



Triton X-100. The upper portion of the separating gel (11 cm long) was 
10% acrylam.de. 0.19% b.sacryfamide. The lower portion of the separating 
gel (1 1 cm long) was 25% acryiamide, 0.025% bisacrylam»de. Electropho- 
resis was at 150 V until the dye (methyl green) reached the bottom of the 
25% poiyacrytam.de gel. The lower half of the separating gel (25% poly 
acryiam.de) was stained for 1 hr with several changes of 25% methanol, 
1 8 M CH,COOH 5% formaldehyde, and 0.1% Coomassie brilliant blue R- 
250 and briefly detained.' The use of formaldehyde was necessary to 
prevent losses of small proteins, particularly ubiquitm (data not shown) The 
location of the marker ub.qu.tin band was identified and marked, and the 
gel was subjected to me PPO-mediated fluorography as previously de- 
scnbed (Bonner and Laskey. 1974). Fluorograms were analyzed by quan 
titat.ve densitometry. Identification of the fluorographic band as ub.qu.tm 
was confirmed in separate experiments by two-dimensional gel electropho 
resis (second dimension: 15% acryiamide. 0.1% bisacrytam.de. 8 M urea 
0 9 M CHaCOOR and no Tnton X-100; data not shown). 

The upper halt of the separating gel (10% polyacrytam.de) was trans, 
ferred to a solution of 2 M Na-salicytate (Chamberlain. 1979). 5% glycerol, 
0 1 M 2-mercaptoethanol. 70 mM CH,COOH and soaked for 30 mm. A 
fluorogram of the wet gel after an overnight exposure at -70°C was then 
used to locate the uH2A band, which was excised as a single 7 mm wide 
strip containmg the uH2A band and immediately adjacent protein bands 
from each lane (including the lanes of uH2A marker). This strip was 
mcubated tor 1 hr in 20% glycerol, 2% SDS. 0.65 M 2-mercaptoethanol. 
0.1 mg/ml bromophenol blue. 0.125 M Tns-HCl <pH 6.8). followed by a 
second-d.mens.on electrophoresis in an 18% pdyacryfamide-SOS gel sys- 
tern described prev.ously (Thomas and Kornberg. 1975). Th.s fract.onat.on 
scheme allowed fluorographic detection of both ubiquitin and uH2A in each 
electrophoresed sample. 

To confirm that the residual intensity of the uH2A band observed m 
Figure 5A was due to uH2A. samples from an experiment similar to that of 
Figure 5 were prepared from salt-washed (0.3 M Nad) nude, by acd 
extraction (0.4 N H,SO.). These samples were analyzed by two-dimensional 
electrophoresis (first dimension. 15% poly acryiamide. acetic add. urea, 
second dimension, 18% poly acryiamide- SDS). 

Silver Staining of Proteins in Polyacrylamide-SDS Gels 

After electrophoresis the gel (0.8 mm thick) was treated with the follow.ng 
sotut.ons (30 mm incubations): twice in 50% methanol; twee with 50% 
methanol. 2% formaldehyde; and six times with 50% methanol. The gel 
was then soaked for 20 mm in a silver-staining solution (Oakley et al.. 1980). 
rinsed three times m the course of 5 min in a 200-fold dilution of the sta.n.ng 
. solution (a modification introduced by Dr. F. Strauss in this laboratory), and 
developed according to Oakley et al. (1980). 
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